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Abstract 
Lake-rich permafrost landscapes are widespread across northern regions and provide 
refuge for abundant wildlife and resources for local communities. Evidence suggests that 
these landscapes are highly sensitive to changes in climate. The traditional territory of the 
Vuntut Gwitchin First Nation, Old Crow Flats (OCF), YK, is a vast 5600-km2 lake-rich 
landscape that is internationally recognized for its ecological and cultural integrity. 
Pronounced changes in lake and river water levels and land cover compositions have 
been observed during recent decades by local community members and in scientific 
studies. Research presented here focuses on enhancing our understanding of spatial 
patterns in hydrology and carbon export across OCF, using a suite of water chemistry 
parameters, carbon concentrations and water and carbon isotope tracers. The spatial 
patterns detected are providing an important reference for ongoing investigations of how 
changing climate and lake-rich landscapes are influencing water and carbon balances.  
 
Keywords: permafrost; water isotope tracers; water chemistry; spatial analysis; carbon 
concentrations    
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Chapter 1:  
General Introduction 
1.1 Introduction 
Lake-rich permafrost landscapes are abundant across northern regions (Brown et 
al., 1997, 2002) and provide valuable resources for northern communities. Research has 
shown that these landscapes have been highly sensitive to the changes in climate that 
have been pronounced across northern regions during recent decades. For example, 
temperatures have risen 0.6 degrees Celsius per decade over the last 30 years, twice the 
global average, which has lead to an increase in landscape change observed across the 
Arctic (IPCC, 2013). As well, there is likely going to be an increase in precipitation 
(Bintanja and Selten, 2014). Lake-rich landscape responses to changing climate have 
been variable with lake area remaining stable (Riordan et al., 2006), increasing (Smith et 
al., 2005; Jones et al., 2011), or decreasing (Labrecque et al., 2009; Jones et al., 2011) 
according to multiple geomorphic and climatic conditions. Other landscape changes 
observed in these areas include the occurrence of retrogressive thaw slumps (Kokelj and 
Jorgenson, 2013) and widespread proliferation of shrub vegetation (Myers-Smith et al., 
2011). It is unclear how these landscape changes are impacting downstream hydrology 
and water quality. While these landscapes are naturally dynamic, evidence indicates that 
their response to climate has intensified during recent decades. Enhancing our knowledge 
of these landscapes using effective monitoring approaches is vital for anticipating how 
the hydrology, nutrient cycling, and ecology of these important systems will respond to 
future change and impact northern communities.   
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Formation and subsequent changes of thermokarst lakes can be generally 
characterized by lake expansion, drainage, permafrost recovery, and lake re-initiation. 
The formation process initially includes accumulation of surface water as permafrost 
subsides (Mackay, 1992) followed by coalescence of ponds and establishment of lake 
shorelines. Lakes can persist for thousands of years; however, they can undergo 
prolonged or rapid changes from expansion, drainage, or evaporation. Increasing surface 
area occurs as ice-rich shorelines subside (Mackay, 1997; Roy-Léveillée and Burn, 
2010). Drainage will occur if lakes are adjacent to low-lying areas that they either expand 
into or connect via overflow channels (Wolfe and Turner, 2008) or along subsurface ice 
wedge cracks (Mackay, 1988). Lateral drainage can be significant with lakes loosing over 
80% water volume within days to weeks (Turner et al., 2010), so these events have been 
identified as ‘catastrophic’. Drainage can also occur internally when underlying taliks 
allow flow to connect vertically to groundwater (Yoshikawa and Hinzman, 2003). Once 
drained, permafrost recovery within the basin can occur within one year (Mackay, 1997), 
and shorelines begin to re-establish as the cycle re-initiates (Shur and Jorgenson, 2007). 
The frequency of lake drainage events has increased in many permafrost landscapes 
(Smith et al., 2005; Jones et al., 2011; Lantz and Turner, 2015), which suggests these 
systems have become more dynamic.      
In addition to catastrophic lake drainage, many permafrost landscapes have 
experienced other biophysical changes including shrub proliferation (Myers-Smith et al., 
2011, 2015), and erosional processes such as expansion of channel networks (Toniolo et 
al., 2009), river bank erosion (Costard et al., 2007), the occurrence of retrogressive thaw 
slumps (Lantz and Kokelj, 2008) and active layer detachment slides (Lamhonwah et al., 
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2017; Lafrenière et al., 2017). Recent studies have also found these changes are 
increasing in magnitude and spatial coverage (Kokelj et al., 2015; Myers-Smith et al., 
2015). For instance, shrub vegetation has experienced widespread proliferation during 
recent decades (Myers-Smith et al., 2011, 2015) and accelerated erosion has initiated a 
greater number and larger retrogressive thaw slump events (Kokelj et al., 2015). 
Widespread increases in these events across the Arctic require continued research on 
future landscape change with continuing climate variability. 
These landscape alterations can also affect downstream water chemistry, and 
sediment loading within these systems. The lateral drainage of thermokarst lakes can add 
water into other nearby lakes and river networks (Turner et al., 2014a). This addition of 
lake water could alter downriver hydrological conditions, changing water chemistry and 
isotope signatures. Erosional features such as retrogressive thaw slumps, which form due 
to the degradation of massive ice within the permafrost zone, can also have an impact on 
the hydrology. Retrogressive thaw slumps can lead to the exposure of organic top soils 
and mineral soils which have been previously frozen within the permafrost. Those soils 
are then available to erosional processes and runoff into the local hydrology, which can 
continue for decades (Kokelj et al., 2009; Kokelj and Jorgenson, 2013). Similar to 
retrogressive thaw slumps, active layer detachment slides expose organic and mineral 
rich soils which act as a flushing mechanism and mobilize solutes into the local 
hydrology (Lamhonwah et al., 2017; Lafrenière et al., 2017). Permafrost can also contain 
large concentrations of trapped organic carbon, and through these and other landscape 
changes, can become available for mineralization (Schuur et al., 2015). Increased influx 
of organic carbon can alter the local carbon budget, and lead to increased mineralization 
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of CO2 into the atmosphere (Schuur et al., 2015). Studying these landscape features and 
their effect on the hydrology is critical in our understanding of ecosystem dynamics and 
the permafrost-carbon feedback (Schuur et al., 2015). Also, monitoring changes in river 
hydrology could be used as an indicator of upstream landscape change.  
Old Crow Flats (OCF), Yukon Territory, Canada is a lake-rich permafrost 
landscape that is the traditional territory of the Vuntut Gwitchin First Nation (VGFN) and 
is recognized as a Wetland of International Importance by the Ramsar Convention 
(1982). This landscape is a result of geomorphological and periglacial processes that 
occurred when the Laurentide Ice Sheet (LIS) bordered OCF to the east during the early 
Wisconsinan. At that time, the Old Crow River, which flowed into the Porcupine River, 
flowed east into and out the Mackenzie Delta. The LIS blocked the outflow from OCF 
and forced the formation of glacial lake Old Crow, flooding the OCF non-glaciated 
lowlands. The LIS retreated until the late Wisconsinan glacial advance and the lake re-
formed, causing a catastrophic drainage through the western Upper Ramparts initializing 
the westward flow of the Porcupine (Zazula et al., 2004). The area drained leaving behind 
silt and clay rich sediments as well as prehistoric animal remains (Morlan, 2003). Today, 
the VGFN, who reside 25 km south of OCF in Old Crow, utilize resources from OCF to 
maintain traditional lifestyles. This 5600 km2 landscape consists of over 8700 
thermokarst lakes and ponds (Lantz and Turner, 2015) along with a dense river network 
incised into periglacial sediments of former glacial lake Old Crow (Morlan, 1980; Lauriol 
et al., 2002). The ~14,500 km2 basin of OCF extends into the British, Richardson, Ogilvie 
and Old Crow mountain ranges and drains into the Yukon River Basin. OCF straddles the 
boreal-tundra transition zone and includes vegetation that can be generally classified as 
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black spruce forest, shrub vegetation, tundra grasses and herbs and emergent hydrophilic 
plants in bogs and at lake edges. Members of the VGFN who have utilized resources 
from OCF for many generations have observed landscape changes during recent decades 
including shrub vegetation proliferation and lake drainages (Wolfe et al., 2011), which 
have been associated with warming climate conditions (Porter and Pisaric, 2011). They 
are concerned how climate-induced changes will influence future generations and their 
traditional lifestyle.  
 
Figure 1.1. Map of Old Crow Flats, Yukon Territory, Canada.  
Previous research in OCF has focussed on understanding spatial variability in lake 
hydrological and limnological conditions and the associated drivers (Turner et al., 2010; 
Tondu et al., 2013; Turner et al., 2014b; Balasubramaniam et al., 2015). Lake water 
Flow Direction 
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balances across OCF are influenced by snowmelt, rainfall, and evaporation which are 
categorized based on catchment features (Turner et al., 2010, 2014b). These catchment 
features surrounding lakes such as tall shrubs and trees tend to capture windblown snow, 
increasing the influence of snowmelt, whereas tundra lakes tend to be rainfall dominated 
(Turner et al., 2014b). Variability in lake water balance also affects water chemistry, 
where greater snowmelt increases concentrations of nutrients and DOC, whereas greater 
rainfall inputs contain increased ion concentrations, conductivity and alkalinity 
(Balasubramaniam et al., 2015). Increases in nutrient and DOC concentrations have been 
linked to interactions between snowmelt and organic matter in vegetated catchments and 
increased ionic concentrations are mainly a factor of evaporation on lake water, as well as 
shoreline erosion and storm water runoff from mineral rich soils within tundra regions 
(Balasubramaniam et al., 2015). Studies have also highlighted the runoff generation 
processes in OCF (Turner et al., 2014a) where changes in source water as well as lake-to-
river connections are identifiable through river isotope signatures. With an increasing 
number of lake draining events across OCF (Lantz and Turner, 2015), river water has 
been useful for detecting upstream landscape change (Turner et al., 2014a). Here we 
expand on previous work by identifying spatial variability in landscape influence on the 
river networks across OCF. The OCF drainage network is a conduit where we can capture 
insight of how upstream landscape change impact downstream environments. 
1.2 Research Objectives 
This work aims to build on previous studies by closely examining river water 
characteristics to evaluate the spatial variability of runoff generation processes in OCF, 
which is influenced by climate drivers. Key objectives include the following: 
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1. Characterizing lake-to-river connectivity across OCF using water isotope tracers; 
2. Using a suite of water chemistry (nutrients, major ions, carbon concentrations) 
and isotope parameters (δ2H, δ18O, δ13C DIC, δ13C DOC) to identify spatial 
variation in the influence of lake water export on river hydrology including 
characterizing carbon export through DIC/DOC concentrations and δ13C 
signatures;  
3. Studying the influence of a permafrost disturbance (retrogressive thaw slump) on 
the Old Crow River carbon balance and water chemistry.  
Identifying the spatial variability in lake and river hydrology and associations with 
changing landscape features will provide the basis to predict how hydrological features in 
OCF will respond to future climate change. 
1.3 Research Methods 
Water samples were collected from 22 rivers and 13 lake sites over the course of 
two days during three sampling campaigns conducted during July (24th-25th) 2015, May 
(26th-27th) and July (26th-29th) 2016 (Table 1.1). These samples were analyzed for water 
isotope compositions (δ2H, δ18O), carbon concentration and isotope compositions (DIC, 
DOC, δ13C DIC, δ13C DOC) and a suite of water chemistry parameters (nutrients, ions, 
carbon concentrations). Results were used to highlight spatial variability in hydrology 
and the influence of landscape features on downstream conditions.  
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Table 1.1. Sample ID format for all lake and river sites collected over the three sampling periods (Figure 
2.1) *JC3 taken from tributary mouth along Johnson Creek. 
Lake Sample 
ID 
River Sample 
ID  
River Name Slump 
Samples 
Sample 
Name 
OCF6 OCR 1 – 7  Old Crow River SR / S1 
runoff 
Slump 
(Runoff) 
OCF11 BF 1 – 4 Black Fox Creek SD / S1 
downriver 
Slump 
(Downriver) 
OCF19  SC 1 – 4 Schaeffer Creek   
OCF26 Tim C Timber Creek   
OCF29 TC Thomas Creek   
OCF34 KC King Edward 
Creek 
  
OCF35 PC Potato Creek   
OCF37 PR 1 – 2  Porcupine River   
OCF38 JC 1 – 4* Johnson Creek*   
OCF46     
OCF48     
OCF49     
OCF55     
OCL1     
1.4 Thesis Format 
This thesis is organized into four chapters. Chapter 1 provides an introduction to 
the research conducted and background information on the study site (OCF). Chapter 2 
will be the first article highlighting spatial variability in runoff generation processes 
across OCF. Chapter 3 will be the second and final article which will discuss spatial 
variability in carbon export across OCF. Chapter 4 summarizes key findings, highlighting 
their importance, the utility of the approaches used as well as discussing new questions 
and future work generated from these findings.  
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2.1 Introduction 
Lake-rich permafrost landscapes are widespread across northern regions and are 
physically dynamic and sensitive to climate change. Lakes are formed from thermokarst 
processes where ice-rich permafrost has subsided and surface water has subsequently 
accumulated. Small ponds continue to coalesce until shallow lakes are formed (Rampton, 
1988). The rate of permafrost thaw is increased by local climate (i.e., increasing 
temperature and precipitation) and disturbances (e.g., forest fires). Thermokarst lake 
fluctuations have been widely studied using multiple approaches to identify changes in 
lake area, abundance, as well as lake drainage events across Arctic permafrost regions 
(Yoshikawa and Hinzman, 2003; Smith et al., 2005; Jorgenson et al., 2006; Riordan et 
al., 2006; Carroll et al., 2011; Jones et al., 2011; Bouchard et al., 2013; Lantz and Turner, 
2015). These studies have found variability in lake stability based on specific landscape 
characteristics (permafrost, climate, vegetation). Lake area stability has been documented 
as increasing (Jorgenson et al., 2006; Jones et al., 2011), remaining stable (Riordan et al., 
2006), and decreasing through evaporation or rapid drainage (Smith et al., 2005; Turner 
et al., 2010; Lantz and Turner, 2015). One mechanism of lake drainage, through lateral 
channels, is rarely observed directly, and typically by chance (Mackay, 1988; Marsh and 
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Neumann, 2001; Turner et al., 2010, 2014a). Thus, our ability to track lake drainages has 
relied on the use of remotely sensed images after the fact (Lantz and Turner, 2015), and 
has created difficulty in identifying resulting changes in hydrological conditions across 
the drainage network.  
Research investigating the chemical properties of thermokarst lakes (Manasypov 
et al., 2014; Balasubramaniam et al., 2015) and their isotope characteristics (Turner et al., 
2010; Tondu et al., 2013) show major influences on the hydrology from the surrounding 
landscape features. Manasypov et al. (2014) studied thermokarst lakes across Siberia, 
identifying influences on the water chemistry. They found that leaching from surrounding 
peat had an influence on solutes within the thermokarst lakes studied, but that latitudinal 
position had the greatest influence. Lake water from thermokarst lakes has also been 
found to be highly correlated with surrounding landscape characteristics determined from 
studies completed characterizing lakes via their isotopic enrichment (Turner et al., 2010). 
Turner et al. (2010) found that thermokarst lakes can be snowmelt-dominated, rainfall-
dominated, groundwater-influenced, evaporation-dominated, or drained. This variability 
in source water balance alters the characteristics of the hydrology through catchment 
features such as shrub cover or tundra, which in turn can alter lake water chemistry 
(Balasubramaniam et al., 2015). Fluctuations in river water chemistry and sediment load 
has also been observed across the Arctic relating to local permafrost thaw and erosion 
(Walvoord and Striegl, 2007; Toniolo et al., 2009). These studies highlight the 
importance of landscape characteristics on lake hydrology, however, it is unclear how 
lakes are influencing the drainage network that they export water to.  
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Old Crow Flats (OCF) is a lake-rich permafrost landscape encompassing ~8700 
water bodies where previous studies have examined spatial and temporal variability in 
hydrological conditions (Turner et al., 2010, 2014b; Lantz and Turner, 2015). Recent 
studies conducted during the International Polar Year (IPY) investigated environmental 
change and traditional use of OCF coupled with local community members involvement 
(Wolfe and Turner, 2008; Wolfe et al., 2011; Porter and Pisaric, 2011). This research and 
community knowledge identified changes in lake and river water levels, river bank 
erosion and increased vegetation growth (Wolfe et al., 2011). These changes also 
coincide with a warming climate over recent decades (Porter and Pisaric, 2011) and have 
community members concerned about the continuation of future landscape change. Lake 
hydrological conditions are spatially and seasonally variable based on catchment 
characteristics, such as vegetation cover and soil properties that influence the quality and 
quantity of source water inflow into nearby rivers (Turner et al., 2010, 2014b). Water 
isotope compositions have been utilized to characterize runoff generation processes for 
the southern reach of the Old Crow River during 2007-09 (Turner et al., 2014a). 
However, lake-to-river connectivity throughout the majority of OCF remains 
uncharacterized, and additional parameters must be examined to assess the influence of 
upstream runoff generation processes on downstream environments. Here, we use water 
chemistry and isotope signatures to capture the spatial variability in lake-to-river 
connections across OCF on a seasonal and inter-annual timescale. Seasonal and annual 
fluctuations in temperature and precipitation are expected to influence the number of 
lake-to-river connections along with runoff processes controlling the hydrology. 
Landscape changes such as lake drainage events and retrogressive thaw slumps could 
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also impact downriver hydrology. Results show spatial variability in landscape influences 
on the hydrology, and could be continued as a monitoring tool across OCF for landscape 
changes.  
2.2 Study Site 
Old Crow Flats (OCF) is a lake-rich thermokarst landscape located in northern 
Yukon, Canada (Figure 2.1). It encompassed Glacial Lake Old Crow when the Laurentide 
Ice Sheet (LIS) bordered the flats to the east during the Wisconsinan glaciation. Prior to 
this, the Old Crow River flowed to the Porcupine River which flowed east to the 
Mackenzie Delta. The LIS blocked the outflow of the Porcupine River leading to the 
formation of Glacial Lake Old Crow, which flooded non-glaciated lowlands in the OCF 
surrounded by the British, Richardson, Ogilvie and Old Crow mountain ranges. The LIS 
retreated until the late Wisconsinan glacial advance when the water level peaked and, 
caused erosion across the Upper Ramparts to the west and catastrophic drainage between 
16.4 and 14.9 ka BP, leaving behind silt and clay rich sediments (Morlan, 2003; Zazula et 
al., 2004).  Thermokarst ensued during the Holocene as ice-rich permafrost subsided and 
water bodies formed. 
Today, OCF is estimated to contain over 8700 thermokarst lakes and ponds (Lantz 
and Turner, 2015), which vary in depth (0.5-6 m) and area (1-3700 ha; Labrecque et al., 
2009). The Old Crow River and its tributaries are incised in periglacial sediments of 
former glacial lake Old Crow (Morlan, 1980; Lauriol et al., 2002). The area is within 
continuous permafrost (Hughes, 1972). Changes in lake area and water level are 
prevalent with noticeable drained lake basins and erosion channels across the landscape. 
Lakes are perched above river flow in OCF, contributing water to the Old Crow River 
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drainage network. The Old Crow River connects to the Porcupine River just north of Old 
Crow and continues towards Alaska, USA via the Yukon River. Local community 
members of Old Crow have observed landscape changes including lower lake levels, 
river bank erosion and increasing winter temperatures (Wolfe et al., 2011).   
 
Figure 2.1. River and lake sampling sites across Old Crow Flats during July 2015 and May and July 2016. 
River catchments are delineated by the dark grey sections on the map. 
2.3 Methods 
2.3.1    Sample Collection and Analysis 
A network of water sampling sites throughout the OCF drainage system was 
established to evaluate seasonal and inter-annual variation in the spatial patterns of 
upstream runoff generation processes including lake-river hydrological connectivity and 
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rainfall versus snowmelt. Water was sampled during late July 2015 and 2016 (24th-25th 
and 26th-29th, respectively) from a helicopter, and a smaller number of samples (15 river 
and 1 lake sample) taken in May 2016 (26th-27th) when water levels were high enough to 
access sites by boat. Four litre carbuoys and 1 L high-density polyethylene environmental 
sample (HDPE) bottles were used for sampling and transport of samples to Old Crow 
where they were prepared for shipment and lab analysis. River sites were sampled at 23 
sites along ~350 km of the Old Crow River and its major tributaries (Figure 2.1). 
Locations were selected for the purpose of tracking downstream transitions in runoff 
generation processes. Site names include acronyms of the creek or river names and 
numbers representing their order upstream (e.g. river numbering is from highest upriver 
to lowest downriver: e.g. OCR7 – OCR1). Water was also sampled at 13 lake sites which 
have been monitored in collaboration with Parks Canada since 2007 (Tondu et al., 2013).  
 
Figure 2.2.The collection of water samples from throughout Old Crow Flats. Photos by Dr. Kevin Turner 
Water samples were stored in a fridge at 4oC and pre-processed in Old Crow. 
Samples were processed for a suite of water chemistry parameters including total 
nitrogen (TN), total phosphorus (TP), pH, turbidity (Turb), conductivity, alkalinity (Alk) 
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and total gran alkalinity and were pre-screened through a 200 µm mesh to remove any 
large particles. Major ions (Mg, Na, SO4, SiO2, K, Ca, Cl), nitrates (NO2 + NO3), total 
dissolved phosphorus (TDP), total dissolved nitrogen (TDN), dissolved inorganic and 
organic carbon (DIC/DOC) were pre-screened through a 200 µm mesh and filtered 
through 0.45 µm acetate filters. Sample analysis was completed at the Biogeochemical 
Analytical Service Laboratory (BASL) located at the University of Alberta.  
Samples sent to BASL were also filtered through 0.45-µm acetate filters and 
stored in 2-ml glass vials for water isotope composition (δ2H, δ18O) analysis to evaluate 
the relationship between the heavy stable isotopes. BASL uses a liquid isotope analyzer 
following the absorption technique “Off-Axis Integrated Cavity Output Spectroscopy” 
(OA-ICOS) with a precision of ±2.0‰ for δ2H and ± 0.2‰ for δ18O, respectively. 
Isotopic compositions are expressed as δ values, which represent per mil (‰) from 
Vienna Standard Mean Ocean Water (VSMOW). The data was normalized to -428‰ and 
-55.5‰ (δ2H and δ18O respectively) to account for Standard Light Antarctic Precipitation 
(SLAP) (Coplen, 1996).  
Lake and river water isotope compositions were plotted on an isotope framework 
that includes the Global Meteoric Water Line (GMWL) described by (Craig, 1961) as 
δ2H = 8δ18O + 10, and the local evaporation line (LEL). The GMWL represents the 
global ratio of oxygen and hydrogen in terrestrial waters, while the position of the LEL 
and its extension at a slope of 4-6 from the GMWL represents the kinetic isotope 
fractionation of surface waters as they undergo evaporation. The intersection of the LEL 
and the GMWL represents the average annual isotope composition of precipitation (δP). 
The LEL has been determined in the past using a class-A desiccation pan maintained 
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during ice-free seasons at the Old Crow airport from 15 June to 21 September 2007 
(Turner et al., 2010), and August 2010 (Tondu et al., 2013). Water was added to the 
evaporation pan weekly when sampled, which maintained representation of a lake at 
isotopic steady-state (δSSL) where water input was equal to water loss by evaporation. The 
terminus of the LEL (δ*) represents a lake approaching complete desiccation, and is 
calculated from the equation by (Gonfiantini, 1986) using the evaporation pan. The 
position of lake isotope compositions, when superimposed on the isotope framework, 
provides key insight of the relative importance of the varying hydrological controls.  
Water isotope compositions were used to calculate deuterium-excess (d-excess), a 
single metric representing the relative importance of evaporation. Deuterium-excess 
represents the separation of each δ2H and δ18O value from the GMWL (d-excess = δ2H – 
8*δ18O; (Dansgaard, 1964)). The values represent the offset from the GMWL indicating 
an increased evaporative enrichment in the water sample. These values present a single 
variable, which can be used in other spatial and statistical methods for interpretation. 
Additional parameters used to investigate lake-to-river connectivity included total 
suspended solids (TSS) and chlorophyll a (Chl a), which were identified using Whatman 
GF/C (1.2 µm) and GF/F (0.6 µm) filters, respectively. These filters were sealed in 
aluminum foil and frozen for shipment to Brock University for analysis. TSS filters, used 
to identify possible increases in river bank erosion or discharge, were pre-burned at 
550oC for 4 hours prior to filtering which removed any contaminants. After filtering, 
filters were dried at 95oC for 24 hours to remove moisture, and then weighed for total 
suspended solids.  
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Meteorological data collected by Environment Canada at the Old Crow Airport 
was used in this study to identify possible influences on isotope signatures from across 
OCF. Precipitation and temperature changes were monitored to evaluate associated 
influence on water chemistry and isotope parameters.  The Old Crow Airport is located 
approximately 25 kilometers south of the southern boundary of OCF. The precipitation 
and temperature data for OCF was estimated from the stations within Old Crow. Daily 
total precipitation was collected and summed for each month to highlight annual 
variability. Daily temperature data was also plotted to identify annual variability across 
sample periods.       
Water chemistry data was analyzed using principal component analysis (PCA) to 
evaluate correlations among parameters for each site. PCA reduces the dimensionality of 
the data while retaining as much of the variation as possible in the dataset. The data was 
plotted on a PCA biplot so the first few axes retain the highest amount of variation 
present in the entire dataset (Jolliffe, 2002). This allows for correlation between 
eigenvalues and all the sample points in the data set. The PCA was created using the 
vegan library (version 2.4-3; Oksanen et al., 2017) in Rstudio and running an 
unconstrained Redundancy Analysis (RDA). The resulting principal component axes are 
validated with the use of a scree plot, which displays the variance of each principal 
component. Then the broken stick methodology is used, which represents a random (null) 
model and calculates a set of expected values, principal components which fall above the 
null model are retained (Appendix A). 
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2.4 Results 
2.4.1    Meteorological Data 
Data collected from the Old Crow Airport station indicate that precipitation was 
variable during the two years of sampling and was plotted from September to August, 
highlighting snowmelt and rainfall influence on the two sampling seasons (Figure 2.3). 
The largest variability is found in September (~2mm in 2015, ~72mm in 2016). Winter 
precipitation over the two sampling years had less variation than the spring, summer, and 
fall months. 
 
Figure 2.3. Monthly precipitation totals for Old Crow Flats from Sept. – Aug. 2014-2015 and 2015-2016. 
Data collected from Old Crow which is ~25km south of OCF. 
Temperature data was similar during the two years of study (Figure 2.4). The 
highest temperatures reaching (~20oC) during the late summer months when the samples 
were collected. During the winter months, there was more annual variability in average 
temperatures (-45 to -20oC), but winter temperatures in 2016 reaching as high as (-5oC). 
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Figure 2.4. Annual temperature for Old Crow Flats from 2014-2016. Data collected from the City of Old 
Crow located ~25km south of OCF. 
2.4.2    Isotopic Analysis  
The isotope composition of precipitation generally plots along the global meteoric 
water line (GMWL) as stated by Craig (1961) as δ2H = 8δ18O + 10. The position along 
the GMWL is dependant on the distillation history of the atmospheric moisture as well as 
seasonal factors such as snow falling closer to the isotopically depleted section of the 
GMWL compared to rain. For OCF, the LEL was calculated using weekly samples from 
an evaporation pan maintained for four ice-free seasons (2007-2010) (Tondu et al., 2013). 
Rainfall has higher values than δP, whereas snowmelt has lower values. The isotope 
composition of lake and river samples are superimposed on this isotope framework to 
evaluate the relative importance of the hydrological controls. For instance, sample values 
plotting above or below the LEL are influenced more strongly by rainfall or snowmelt, 
respectively. Samples plotting further along the LEL undergo greater water loss from 
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evaporation than those plotting closer to the GMWL. River isotope values plotted on the 
isotope framework show the relative importance of the hydrological controls including 
lake water outflow.  
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Figure 2.5. River and creek (δ2H and δ18O) isotope data from all sampling dates based on Vienna Standard 
Mean Ocean Water (%VSMOW). Values are plotted against the Global Meteoric Water Line (GMWL) and 
the Local Evaporation Line (LEL) calculated utilizing a local desiccation pan. Calculated LEL points are 
displayed in red. 
All lake and river samples from the three sampling campaigns in OCF were 
superimposed on the isotope framework to show seasonal and annual variability across 
OCF (Figure 2.5). Lake samples plot higher along the LEL, falling closer to δSSL than 
26 
 
river sites, which plot closer to (δP), indicating greater evaporation and less of an 
influence from non-lake water runoff. The seasonal variation in all isotope concentrations 
was driven by the spring snowmelt, with samples from May 2016 plotting closer to the 
GMWL than July samples. Snow sampled during previous studies consistently had the 
lowest isotope values found in OCF (ranging from -31.3‰ to -22.2‰ and -242‰ to -
193‰ for δ18O and δ2H, respectively; Turner et al., 2010, 2014a, 2014b). Inter-annual 
variability in isotope signatures show little change across July 2015-2016. Rivers plot in 
similar locations along the LEL with increasing inflow of evaporated water at higher-
order river sampling locations. Lakes across OCF span the hydrological gradient from 
positive to negative water balances (Tondu et al., 2013) and also appear stable across 
inter-annual sampling. The lakes with the lowest values (OCF48, 55), which plot lower 
on the LEL across both years indicating a stable lake system, which has relatively high 
runoff that offsets the effects of evaporation. These lakes display similar evaporative 
enrichment from previous work where OCF55 is snowmelt dominated with low 
evaporative enrichment (Turner et al., 2014b). OCF48 is rainfall dominated (Turner et al., 
2014b) and gets consistent inflow of shallow groundwater from a neighbouring upland 
(MacDonald et al., 2012). Conversely, lakes OCF6 and 46 plot above the δSSL across both 
years and highlight increased evaporative enrichment. OCF6 and 46 coincide with 
previous research, containing higher levels of evaporative enrichment (Turner et al., 
2010).  
A subset of river water samples was obtained during May 2016 to enhance our 
understanding of seasonal variation in hydrological conditions and lake-river connectivity 
across OCF (Figure 2.6). Samples collected during this time captured higher snowmelt, 
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which is usually complete by late May causing the river to be at its highest annual level. 
Lake water levels are also usually at their highest during this time, which allows for 
greater connection to drainage channels. The isotope signatures from May highlight the 
increased connectivity and melt water flowing through OCF with minimal evaporation. 
This indicates that the source water is predominantly snowmelt and surface runoff 
dominated. 
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Figure 2.6. River and creek (δ2H and δ18O) isotope data from May 2016 based on Vienna Standard Mean 
Ocean Water (%VSMOW). Headwaters of each river tributary are depicted by colored hollow circles at the 
start of each line. Sites where a single river sample was taken from the tributary as well as the one lake 
sample (OCL1) are displayed by a single point plotted on the isotope framework of Figure 2.5. Legend site 
codes are based on table 1.1. 
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Figure 2.7. River and creek (δ2H and δ18O) isotope data from July 2015 based on Vienna Standard Mean 
Ocean Water (%VSMOW). Headwaters of each river tributary are depicted by colored hollow circles at the 
start of each line. Sites with a single river sample for the tributary are displayed with a single black point. 
Isotope data is plotted on the framework as displayed in Figure 2.5. Legend site codes based on table 1.1. 
Samples collected 24-25 July 2015 had higher average δ2H and δ18O isotope 
signatures than in spring (-151.2‰ to -175.7‰, -17.8‰ to -22.5‰ for δ2H and δ18O from 
July to May, respectively; Figure 2.7). The lowest tributary values along the LEL tend to 
be lower order northern tributaries such as Thomas Creek (TC) (-172‰ and -21.8‰, for 
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δ2H and δ18O, respectively). Downstream isotope trajectories increase as more lake water 
outflow is exported to the drainage network. This pattern is most evident in Schaeffer 
Creek (SC) which has the highest isotope values at its mouth at the Old Crow River and 
the greatest overall downriver shift (-168‰ to -145‰ and -21.6‰ to -15.8‰, for δ2H 
and δ18O, respectively).  
Evaluating the relative importance of evaporation on the hydrology of each site 
was completed using spatial analysis of deuterium excess (d-excess) values which 
integrates δ2H and δ18O values into a single metric (δ2H – 8*δ18O; (Dansgaard, 1964)). 
Deuterium-excess represents the level of separation of δ2H and δ18O from the GMWL 
and its evaporative enrichment. There is a strong spatial variability in river water d-
excess shown by mapping river sample changes along each tributary where the darker 
blues represent increasing evaporative enrichment. Upstream values tend to have lower d-
excess than the southern tributaries (SC, JC), and southern OCR (Figure 2.9). This 
pattern illustrates the downstream increasing export of lake water. This increase is likely 
from lake-to-river connections where most lake sites plot further along the LEL closer to 
δSSL indicating evaporative enrichment compared to river sites. Plotting closer to δP, 
(OCF48 and 55 are exceptions), indicates that precipitation and runoff to lakes effectively 
offsets evaporative loss in these lakes. Results display a distinction in isotope values 
between northern and southern positioned tributaries in OCF. Southern tributaries have 
higher proportions of lake water, which is affected more by evaporation (low d-excess) 
compared to the northern tributaries. 
 
31 
 
 
Figure 2.8. River and creek (δ2H and δ18O) isotope data from July 2016 based on Vienna Standard Mean 
Ocean Water (%VSMOW). Headwaters of each river tributary are depicted by colored hollow circles at the 
start of each line. Sites where a single river sample was taken from the river tributary are displayed with a 
single black point. Isotope data is plotted on the framework as displayed in Figure 2.5. Legend site codes 
based on table 1.1. 
Resampling sites during July 2016 allowed for comparing hydrological responses 
to varying inter-annual meteorological conditions and associated runoff generation 
processes. Creek and river sites show increasing δ2H and δ18O values downstream (mean 
change of 9.14‰ and 2.12‰ for δ2H and δ18O respectively; Figure 2.8). Values are 
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higher for lakes since they undergo more prolonged evaporation, with OCF6 and 46 
showing the greatest evaporative enrichment, plotting above the δSSL and OCF48 and 55 
are the lowest lakes along the LEL. Headwater samples from all rivers and tributaries 
have similar isotope signatures from 2015 to 2016 (spanning from -170‰ to -160‰ and -
22‰ to -20‰, for δ2H and δ18O respectively) but higher-order river samples (JC1, SC1, 
KC, BF1, OCR1) have lower values during 2016 (spanning from -155‰ to -150‰, -19‰ 
to -18‰ for δ2H and δ18O, respectively) than in 2015 (from -150‰ to -140‰, -18‰ to -
16‰ for δ2H and δ18O, respectively). Deuterium values from all lake and river samples 
between July 2015 and 2016 are found to be statistically different (p-value = 0.03266; 
Table 2.1) however δ18O values are not (p-value = 0.60044). Deuterium-excess river 
values (Figure 2.9) reflect a similar overall decrease in maximum evaporative enrichment 
across OCF and are statistically different (-15 to -7.8 from 2015 to 2016; p-value = 
0.00034). Lake d-excess values also decreased in evaporative enrichment (-18.2 to -16.9 
from 2015 to 2016; p-value = 0.146968). Large shifts in evaporative enrichment are 
noticeable from the furthest headwater sites (TC, OCR7, PC, SC4, BF2, JC4) downriver 
across both years (2015 and 2016). One example being JC, which had increasing 
evaporative enrichment from headwaters downriver (JC4 to JC1), however, JC3 (a 
tributary mouth of the main JC) showed the greatest evaporative enrichment, which could 
indicate increased lake-to-river connectivity from the southern lakes along that tributary 
or lower flow leading to increased pooling, which can lead to increased evaporative 
enrichment, as apposed to the main JC.     
Evaporation had a relatively greater influence on OCF during 2015 compared to 
2016. Precipitation is likely the main driver for this difference since spring 2015 (May, 
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June) and summer (July, August) precipitation totals (36.2mm, 61.1mm, respectively) are 
far lower than during 2016 (62.3mm, 96.0mm, respectively).    
Table 2.1. Paired t-test on inter-annual data (July 2015 and July 2016) to highlight statistical difference 
between sample years. Focusing on deuterium (δ2H) and δ18O across all samples, and d-excess for rivers 
and lakes separately. Statistically significant values are shown in bold (alpha = 0.05).     
Paired T-test  df p-value  
Deuterium (δ2H) (All samples) 35 0.03266 
δ18O (All Samples) 35 0.60044 
D-excess (Rivers) 22 0.00034 
D-excess (Lakes) 12 0.146968 
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Figure 2.9. Spatial distribution of d-excess across the OCF drainage network shown with higher 
concentrations of evaporative enrichment in the darker blue while lower concentrations in lighter blue. *d-
excess value from JC3 and TimC have been used to estimate and extend upriver for visual interpretation.  
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2.4.3     Water Chemistry  
Results of the water chemistry data were evaluated using a Principal Component 
Analysis (PCA) to identify statistical associations among water chemical parameters at 
each sample site. Each PCA was plotted using the first two principal components as axes, 
which account for 38% and 22% (July 2015), 41% and 22% (May 2016), 35% and 25% 
(July 2016) of variability within the data, respectively. PCA was also validated using the 
scree and broken stick methodologies displayed in Appendix A to verify if PC1 and PC2 
accounts for a statistically significant portion of the variability in the data. PCAs from 
July 2015, May and July 2016 have been built using the same water chemistry variables 
for each sample period, but scales have been adjusted where necessary to observe 
patterns among variables. 
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Figure 2.10. Principal Component Analysis (PCA) showing water chemistry variables as eigenvectors 
(dotted lines), lake samples as blue circles and river samples as hollow circles. Samples were taken in the 
field during July (24th-25th) 2015 (A) and July (26th-29th) 2016 (C). River networks were superimposed on 
the PCAs throughout OCF from July 2015 (B) and July 2016 (D). Each river sampling site is connected by 
a solid black line whereas tributaries with a single sample are connected by dotted red lines to their main 
river network. The blue points represent lake samples. 
Water chemistry data shows general variations among lakes and rivers. Most 
nutrient eigenvectors (TDN, TN, TDP, TP) plot in the upper left quadrant and are 
negatively correlated with most ions (Mg, Na, SO4, SiO2, K, Ca, Cl; Figure 2.10A). Most 
lake samples plot closer to nutrient values (especially TN, TDN, TP), pH and K. Some 
lakes (OCF29, 38) plot between nutrients and ions suggesting a weak correlation with 
both sets of parameters. Two lakes (OCF26, 55) plot on the far left indicating a strong 
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negative correlation with ions and positive relationship with nutrients. The calculated 
scores for river sites are much more variable according to the influence of lake water 
outflow. While most samples are positively correlated with ions, there are some scores 
plotting relatively close to nutrient eigenvalues and lake values. Hence this plot can be 
used to identify the relative importance of lake water outflow on river sites. 
Connecting river tributary values on the PCA illustrates downstream changes in 
water chemical properties and identifies the relative importance of inflow from lakes and 
creeks (Figure 2.10B). Samples from the mouth of those tributaries are the lower numbers 
(SC1, JC1 etc.) and increasing numbers indicate upstream samples. There is separation 
along axis 1 between the southern tributaries (JC, SC, KC) and the more northern sites 
(BF, TimC, TC). SC1 and 2, JC3 and KC are southern OCF sites that plot close to the 
nutrient eigenvalues and lake scores. BF1 and 2, TC, and TimC are lower-order sites that 
are correlated with ions in their headwater samples, but plot towards the centre of the 
PCA, closer to the Old Crow River values. The mouth of tributaries of the main Old 
Crow River channel (PC, KC) plot close to their neighbouring rivers where PC is near the 
headwaters of SC (3) and KC near the higher order samples of SC and JC. Finally, the 
sample from the lowest order portion of the Old Crow River (OCR7) plots close to the 
other northern headwater tributaries (BF2, TC). As expected, downstream Old Crow 
River values are influenced by the flow from the PC, TC, TimC, BF, JC, SC, and KC 
tributaries, which is why downstream Old Crow River values (OCR6-1) plot closer to the 
centre of the PCA. Finally, the Old Crow River seems to have a slight influence on the 
Porcupine River (PR), which is also pulled closer to the PCA.  
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The subset of river samples collected during May (26th-27th) 2016 was used to 
identify spring variability in water chemistry across OCF (Figure 2.11A). Samples show 
less separation among all nutrients and ions. TDP and TP are correlated with DOC 
towards the bottom right while TDN and TN are split and correlated along with Mg, K, 
and Cl and indicates greater correlation between major ions and nutrients during the 
spring season then compared to summer, although these samples represent, almost 
exclusively, higher-order river sites. Only including higher order sites would alter the 
PCA results and could be a factor altering the eigenvalues. Water was sampled from a 
single lake (OCL 1) which had drained partially in 2014 and 2015 into the OCR. It shows 
a very high correlation with TDN, TN, Mg, K and Cl plotting far from all other river 
sites. The southern tributaries of JC, SC and KC plot along PC1, away from the other 
sites and towards the nutrients and DOC indicating a greater influence of lake water 
outflow. The northern tributaries plot towards the top of the PCA, indicating their inverse 
relationship with the nutrients and major ions.  
 
39 
 
 
Figure 2.11. Principal Component Analysis (PCA) showing water chemistry variables as eigenvectors 
(dotted lines), lake samples as blue circles and river samples as hollow circles. Samples were taken in the 
field during May (26th - 27th) 2016 (A). River networks were superimposed on the PCAs throughout OCF 
from May 2016 (B). Each river sampling site is connected by a solid black line whereas tributaries with a 
single sample are connected by dotted red lines to their main river network. Plot B) was focused in on the 
river networks and the single lake sample (OCL1) falls outside the boundary.  
Samples collected July 26th to 29th, 2016 were compared to evaluate inter-annual 
variation on the hydrology (Figure 2.10C). Sites from July 2015 were resampled along 
with the addition of an active retrogressive thaw slump sample (S1 runoff), which formed 
during spring 2016. Results display similarities and differences from 2015 between water 
chemistry variables and sample sites. The water chemistry variables again show 
correlations between the major ions (Mg, Na, SO4
2-, SiO2, K, Ca, Cl) towards the bottom 
right, but close to them are the nutrients (TDN, TN, TDP, TP), which are correlated along 
PC2. Both of these groupings seem to be influenced by a thaw slump, where we obtained 
a water runoff sample from (S1 runoff).  The water chemistry of S1 runoff is highly 
distinct from the other samples and plots in the bottom right of the PCA. Most of the lake 
sites are on the bottom portion of the PCA alongside the nutrients and some major ions, 
but do not have nearly as high concentrations (e.g., in TN) as S1 runoff.  
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Variability in river water chemistry during 2016 is similar to 2015, with 
separation between the larger southern tributaries (JC, SC, KC) and northern tributaries 
(BF, TimC, TC; Figure 2.10D). Similar results show minimal to no inter-annual 
variability in landscape influence on those river tributaries. There does appear to be 
variability in the Old Crow River which could be due to a large retrogressive thaw slump 
during spring 2016, which exported a large amount of debris into the Old Crow River. Its 
major influence seems to be on carbon and nitrogen export. We also see a shift in the 
Porcupine River water chemistry from the Old Crow River, but appears to be a more 
substantial change in 2016 than 2015.   
2.4.4    Total Suspended Sediments  
Samples collected during July 2015, May 2016, and July 2016 from each site 
were analyzed for total suspended sediments (TSS). Values were plotted with distance 
from headwater of the Old Crow River to near its mouth (>350 km), which could provide 
an indication of the influence of lake outflow and erosion have on suspended sediment 
concentrations across OCF.  
Results from the spring (May 2016) show high water and peak sediment export 
throughout OCF (Figure 2.12). Spring peaks in TSS throughout the Old Crow River 
(highest= 0.35 g/L) are higher than TSS concentrations during the summer seasons. The 
Old Crow River generally shows increases downstream until the confluence of Johnson 
Creek (70 km north of the mouth of the OCR1). There is a relatively abrupt decrease in 
TSS following inflow from JC1 (0.13 g/L) and SC1 (0.05 g/L). This abrupt decrease is 
likely due to dilution from the southern tributaries and highlights the strong influence JC 
and SC have on the Old Crow River.  
41 
 
 
Figure 2.12. Total suspended sediments calculated from samples collected from July 2015, May 2016 and July 2016 across OCF. River networks have 
been connected from headwater downriver identifying the influences from each tributary on the OCR hydrology. Lakes have been plotted at their 
relative distance along the OCR for visual interpretation. *In July 2016, Lake 48 (OCF48) plots above the graph extent (0.176 g/L). ** May 2016 was 
scaled (y-axis) differently as to retain visible differences from July 2015 and 2016 data. 
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Results from July 2015 identify spatial variability in TSS across OCF (Figure 
2.12). The highest concentrations of TSS appear to be the along Old Crow River (greatest 
at 280 km: 0.045 g/L) which shows a general decrease downriver. The highest TSS 
concentration was in OCF38 (0.08 g/L), a large lake that is often subjected to sediment 
mixing from high winds. However, lakes overall tend to be lower than rivers in TSS. 
Other rivers increasing downstream appear to be within the larger southern tributaries JC 
and SC, which export into the Old Crow River but show only a slight impact where JC 
connects to the Old Crow River. July 2016 results appear very similar with the highest 
concentrations of TSS found within the Old Crow River (greatest at 280 km: 0.075 g/L), 
which also decreases downriver. Lakes OCF38 (0.075 g/L) and OCF48 (0.18 g/L) also 
contain greater concentrations than all other lakes (Figure 2.12). The southern tributaries 
again show an increase downriver and only a slight impact on the Old Crow River. 
Increases in TSS across OCF are likely reflecting the influence of shoreline erosion along 
the major tributaries whereas lowering values are likely reflective of lake outflow and the 
settling of sediment.    
2.5 Discussion 
Water isotope signatures can provide key insight of river and creek hydrological 
characteristics over multiple temporal and seasonal scales.  River characteristics during 
2015 to 2016 vary spatially and temporally based on a multitude of factors from climatic 
to local land cover impacts. Previous research has categorized the lake water hydrological 
conditions (Turner et al., 2010) and identified general drivers of varying river inputs 
(runoff, snowmelt, rain, and lake water) based on varying isotope signatures (Turner et 
al., 2014a) across seasonal and annual scales (Balasubramaniam et al., 2015). Our study 
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builds on this work by expanding our spatial range to include lower order river sites and 
incorporating use of a suite of water chemistry parameters, which provide context of how 
lake outflow influences downstream river conditions.  
Isotope signatures at all tributary samples from July (2015/2016) show increasing 
evaporative enrichment downriver. This increase indicates greater evaporatively-enriched 
lake water outflow into nearby rivers. A separation of river water sourcing across OCF 
can also be seen where northern tributaries (TC, OCR7-5, BF) and headwater sites (SC4, 
JC4, BF2) had relatively low isotope signatures as compared to higher signatures in 
downriver sites (SC1, JC1, OCR3-1), approaching lake samples higher along the LEL. 
During the late summer, there was also direct evaporation of water flowing along the 
rivers, which could be a small factor, but unlikely accounts for the large shifts in 
evaporative enrichment.   
Seasonal and inter-annual variability in δ2H, δ18O, and d-excess signatures across 
OCF have identified variability in lake hydrological conditions (Turner et al., 2014b). 
The addition of river data highlights our ability to distinguish the strong gradient in river 
conditions across OCF. Also considering the tendency of lateral thermokarst lake 
drainage (Mackay, 1988; Hinkel et al., 2007; Marsh et al., 2009) and the indication of an 
increasing trend over recent decades in OCF (Lantz and Turner, 2015), identifying shifts 
in lake-to-river connections and drainage events is important in determining climate 
impact on this sensitive ecosystem. During the early spring season, the isotope 
compositions of most samples plot close to the average annual isotope composition of 
precipitation, which indicates mainly snowmelt and direct runoff from precipitation as 
source water and very minimal evaporative enrichment. However, downstream sites (e.g., 
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BF1, JC1, KC1, KC) have slightly higher isotope values (-175.4 and -22.5 for δ2H, δ18O, 
respectively) than upstream (-177.1, -22.8 for δ2H, δ18O, respectively). These results also 
show similarities to late summer isotope signatures where southern tributaries (JC, SC, 
and BF) have the greatest signatures. These similarities indicate an influx of 
evaporatively enriched lake water present across seasons within those tributaries. This is 
likely due to direct inflow from nearby lakes along those tributaries, which export water 
during all ice-free seasons. Inter-annual variability in δ2H and δ18O is relatively stable 
with increases across all rivers, and lakes source water remaining stable. The slight 
overall decrease in evaporative enrichment from July 2015 to 2016 is likely from changes 
in precipitation, which could have resulted from the very strong El Niño, which began at 
the end of 2014. The event was considered strong during July 2015, and very strong 
during the winter of 2015 into spring and summer 2016 (NOAA, 2017), leading to greater 
precipitation and dilution of evaporatively enriched water.   
By expanding on Turner et al. (2014a) to cover all major OCF tributaries, it is 
evident that the use of isotope signatures and d-excess is capable of characterizing the 
lake-to-river connectivity, which provides the basis to identify key drivers of downstream 
changes in water chemistry and sediment load. Lake water chemistry across OCF has 
been found to be spatially variable and dependent on influences from catchment 
characteristics (Balasubramaniam et al., 2015). The addition of river water chemistry has 
identified northern rivers showing strong positive correlation to major ions, whereas 
southern sites are positively correlated with nutrients. This is likely due to the increased 
lake-to-river connections in the southern OCF, represented by higher proportions of 
evaporated water as detected using water isotope tracers (δ18O, δ2H, and d-excess). 
45 
 
Interestingly, higher lake-river connectivity is spatially-associated with catchments that 
have undergone increasing growth of shrub vegetation during recent decades (Ahmed and 
Turner, unpublished data). Additional research should aim to refine our understanding of 
how shrub vegetation growth and other landscape changes and disturbance (e.g., fire) 
influence lakes and rivers in OCF. 
Seasonal and inter-annual variability on the river hydrology displayed a fairly 
consistent influence from nutrients across southern tributaries (JC, SC, KC) and from 
major ions across the north (BF, TC, Tim C, OCR) apart from the retrogressive thaw 
slump sample (S1-runoff), which was collected during July 2016 and had much higher 
concentrations of weathering constituents (K, Na, Mg, Cl). These erosional features such 
as retrogressive thaw slumps and active layer detachment slides have been found to 
impact local water chemistry (Kokelj et al., 2009a, 2009b; Kokelj and Jorgenson, 2013; 
Lamhonwah et al., 2017; Lafrenière et al., 2017). The retrogressive thaw slump in OCF 
appears to be adding high concentrations of nutrient and ions into the Old Crow River 
from the PCA. Increased runoff from greater precipitation during 2016 may also be why 
water had higher ions compared to the year prior.  
Ongoing landscape change across Arctic permafrost regions must be monitored 
using techniques that allow us to evaluate spatial correspondence with changes in 
hydrology and water chemistry. Landscape changes are drivers of spatial variability in 
river water chemistry, and with continuing climate change, its important we have 
monitoring programs that can effectively identify shifts in hydrological and limnological 
conditions. Here, we integrate water chemistry, isotope signatures, and analysis of 
suspended sediments to effectively detect seasonal and inter-annual patterns in the 
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relative importance of fluvial (erosional) processes and runoff generation processes (e.g., 
lake drainage and slump runoff) at a broad spatial scale in OCF. 
2.6 Conclusions 
Analyses of chemistry, isotope compositions, and TSS of creek and river water 
collected from a network of sampling sites across OCF provided key insight of upstream 
physical processes. Our observations highlight landscape-scale interactions and 
connections among lakes and rivers in OCF. Water isotope tracers and d-excess results 
indicate greater connectivity between lakes and rivers across the larger southern 
tributaries (SC and JC) of OCF as well as BF in the northeast. Chemical influences on the 
hydrology from surrounding runoff also vary spatially with the southern tributaries 
showing strong positive correlations with nutrients, whereas the northern tributaries are 
more positively correlated with major ions. This variability may be in response to 
differences in land cover from the southern shrub dominated to the northern tundra 
landscapes and the relative importance of lake water outflow influenced by spatial 
variability in lake-to-river connections across OCF.  
Seasonal fluctuations in water chemistry and isotope signatures are influenced by 
snowmelt and increased runoff through the system. Lakes and rivers are at their highest 
water levels during early spring compared to summer water levels, and show less 
influence from evaporation, which is likely due to the large influx of surface runoff. 
Signals of lake infiltration are less evident due to lower isotope signatures with less 
evaporation. Inter-annual variability is due to annual fluctuations in precipitation and 
lake-to-river connections that alters the evaporative enrichment in the water. Spatial 
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variability in land cover also appears to influence the water chemistry based on runoff 
from the surrounding landscape.  
Strategic sampling across this hydrologically connected drainage network provides 
the basis to detect disturbance and landscape modifications as climate continues to 
change. Lateral lake drainage is a regular occurrence across the Arctic (Mackay, 1988; 
Hinkel et al., 2007; Marsh et al., 2009) and has been detectable using isotope signatures 
(Turner et al. 2014b) as well as increasing in frequency across OCF (Lantz and Turner, 
2015). Thaw features such as retrogressive thaw slumps can also elevate concentrations 
of solutes and nutrients in local hydrology (Bowden et al., 2008; Kokelj et al., 2009b) 
facilitating the possibility of identification downriver. Research completed on larger 
Arctic river systems have studied changing landscape impacts on the hydrology and its 
affect on the Arctic Ocean (McClelland et al., 2008), however it is also important to 
identify changes in headwater basins that feed these systems. Continued use of water 
isotope tracers along with water chemistry analysis from this study could be used as a 
long-term landscape-monitoring tool across OCF and methods could be adapted for 
monitoring other lake-rich Arctic permafrost landscapes. The addition of a mixing model 
approach could also be useful in evaluating the impact of this headwater system on 
downstream conditions. Work presented here highlights the importance of understanding 
connections across these Arctic headwater catchments for determining possible long-term 
alterations as climate continues to change.  
Identifying runoff generation processes are important for lake-to-river connections 
and how increased lake water and erosion will affect downriver habitats. Lake-to-river 
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connections also change water quality and quantity and could affect the drinking water 
for local community members in Old Crow who rely on the Old Crow River. 
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3.1 Introduction 
Arctic permafrost landscapes are prevalent in North America and Eurasia (Brown 
et al., 1997, 2002) and are highly sensitive to changes in climate, such as the pronounced 
increase in Arctic temperatures over the last 30 years (IPCC, 2013). Lake and ice-rich 
permafrost landscapes are particularly dynamic as surface water can produce positive 
feedbacks (erosional and thermal) that amplify permafrost degradation (Jorgenson et al., 
2001; Toniolo et al., 2009). Landscape changes responding to climate have included 
variability in thermokarst lake area (Smith et al., 2005; Riordan et al., 2006; Jones et al., 
2011) along with erosional features such as expansion of channel networks (Toniolo et 
al., 2009), increased river bank erosion (Costard et al., 2007), increasing rates of 
retrogressive thaw slumps (Lantz and Kokelj, 2008), and active layer detachment slides 
(Lamoureux et al., 2014; Lamhonwah et al., 2017; Lafrenière et al., 2017). These 
landscape changes can also impact the hydrology, water chemistry and sediment loading 
of downstream drainage systems. The sudden export of lake water (Turner et al., 2014a) 
or exposure of previously frozen soils (Lamoureux et al., 2014; Lamhonwah et al., 2017) 
have been shown to alter hydrologic conditions. With over 50% of the terrestrial organic 
carbon pool likely locked in permafrost landscapes (Tarnocai et al., 2009; Hugelius et al., 
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2014), there are concerns that increasing permafrost degradation could mobilize carbon 
towards downstream environments and possibly enhance greenhouse gas (CO2 and CH4) 
concentrations (Spencer et al., 2015; Schuur et al., 2015). Here we assess carbon 
concentration spatial patterns and sources across the drainage system of Old Crow Flats, 
Yukon.  
3.1.1 Carbon Processes in Arctic Environments  
Amount of carbon export from permafrost along hydrologic pathways is directly 
related to catchment characteristics and the sediment characteristics of the thawed 
permafrost. Carbon in the form of organic material can decompose after thaw and be 
released directly as CO2, which could enter the atmosphere, or become trapped within the 
soil pore space. Dissolved organic carbon (DOC) can be carried within groundwater flow 
into the nearest hydrologic surface network, where it can mineralize and release CO2 
(Cole et al., 2007). The biodegradability of DOC from permafrost thaw and collapse has 
been found in some areas to be very high (Abbott et al., 2014; Spencer et al., 2015), 
which allows for accelerated C transfer to the atmosphere. Dissolved Inorganic Carbon 
(DIC) in riverine systems is a measure of carbonate, bicarbonate, carbonic acid, and 
carbon dioxide concentrations. Specifically, bicarbonate and carbonate (which is minimal 
at pH <9) can become liberated from the permafrost via chemical weathering. This 
process uses CO2 and is considered a carbon sink for its specific residence time (~ 10
4 
years; Berner and Berner, 2012). These processes create a form of balance between CO2 
release and sequestration depending on the concentrations of DOC and DIC from their 
weathering constituents (see Lerman et al., 2007). Identifying DIC export in addition to 
DOC export along hydrological pathways enhances our knowledge of the local carbon 
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balance. Carbon sourcing may also be studied using isotope signatures δ13C for DIC and 
DOC within the local hydrologic system. The δ13C for DOC in river water has been used 
to differentiate landscape inputs between C3, C4 and CAM vegetation (O’Leary, 1988) 
along with identifying δ13C depleted by methane oxidation (Hindshaw et al., 2016). δ13C 
for DIC in river water systems is mainly from the dissolution of CO2 within the soil, 
weathering of carbonate rocks and exchange with atmospheric CO2 (Yang et al., 1996).  
Recent large projects to study Arctic hydrology and carbon have been the 
PARTNERS project (Pan-Arctic Transport of Nutrients, Organic Matter and Suspended 
Sediments), which began in 2002 and ran until 2007. Its focus was on the six major 
circumpolar rivers (the Ob’, Yenisei, Kolyma, Yukon and Mackenzie rivers) measuring 
their biogeochemistry across their annual hydrologic cycles. These six river catchments 
have a total area of 10.9 * 106 km2 (Holmes et al., 2012) and contain more than 50% of 
the freshwater flux into the Arctic Ocean. This project has since been followed up with 
the Arctic Great Rivers Observatory, which began in 2009 and continues today using 
identical sites and protocols. These projects have provided improved annual and seasonal 
estimates of DOC, inorganic and organic nutrients, along with flow weighted mean 
estimates of alkalinity (Cooper et al., 2008; Holmes et al., 2012). Studies on carbon 
export in Arctic aquatic environments use higher resolution data to study DIC and/or 
DOC flux across the six major circumpolar rivers (Tank et al., 2012a, 2012b). Tank et al. 
(2012a) found that increases in DIC flux from runoff and permafrost thaw (containing 
high carbonate concentrations) increased carbon sequestration, while DOC flux was more 
region specific based on organic carbon concentrations. This indicates that with 
permafrost thaw, increases in DIC should counteract and balance part of the organic 
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carbon mineralization and CO2 release through sequestration. Hence, DIC sequestration 
plays an important role in the carbon budget, but is dependant on the organic carbon 
concentrations within the permafrost for each specific area.  
Studies have also used δ13C for both DIC and DOC to gain a better understanding 
of the carbon cycle dynamics and source material for specific study sites (Wang et al., 
1998; Li et al., 2010; Hindshaw et al., 2016). Li et al. (2010) utilized DIC concentrations 
along with δ13C DIC to interpret carbon sourcing in a karst rich environment in the 
Changjiang River Basin, China and found the major sources to be from carbonate 
weathering and CO2 derived from the soil. They also found seasonal variability in the 
carbon pool from spring melt, to summer, and winter, which has also been widely 
documented in organic carbon studies (Raymond et al., 2007; Spencer et al., 2008; 
Wickland et al., 2012). Hindshaw et al. (2016) discuss δ13C DOC values as they pertain 
to the stream water chemistry and microbial communities in high Arctic catchments. 
Hindshaw et al. (2016) found that smaller streams had greater concentrations of δ13C 
DOC from methane cycling, while larger rivers were dominated by runoff from 
catchments covered in C3 plants and soil organic matter.  
3.1.2 Previous research in OCF 
Old Crow Flats (OCF) is an Arctic permafrost landscape that is internationally 
regarded for its ecological and cultural integrity owing to the ~8500 waterbodies that 
span the 5600-km2 area. Recent research in OCF has focussed on identifying spatial 
patterns in lake and river hydrological conditions and associated drivers (Turner et al., 
2010, 2014b, 2014a; Lantz and Turner, 2015). Studies have highlighted the spatial 
variability in catchment characteristics and runoff generation processes that influence the 
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local hydrology (Turner et al., 2014a, 2014b), as well as landscape changes such as 
increase frequency in lake drainage events (Lantz and Turner, 2015). These changes 
could also alter the carbon export and biodegradability from permafrost landscapes 
(Abbott et al., 2014; Spencer et al., 2015), however, the spatial variability in carbon 
export and mobility in OCF remains unknown. Further, understanding the influence of 
climate induced landscape changes (e.g. retrogressive thaw slumps) on the export of 
carbon is needed to predict future impacts on downriver basins and the atmospheric 
carbon balance. Spatial variability in landcover (vegetation, sediments, lakes) and 
seasonal and inter-annual fluctuations in temperature and precipitation are expected to 
influence carbon export to the hydrologic system. Landscape changes are also 
hypothesised to impact carbon export as well as impacting downriver water chemistry. 
Here, we use carbon concentrations and isotope signatures to capture spatial variability in 
carbon export across OCF, identify the impact of a retrogressive thaw slump event on the 
carbon budget, and the possible influences on the downstream carbon concentrations. 
This research provides insight of the spatial variability in local carbon export across OCF 
and provides a baseline for future investigations of the impacts of intensifying climate-
induced landscape changes that may alter the carbon budget.  
3.2 Study Site 
Old Crow Flats (OCF) is a lake-rich thermokarst landscape located in northern 
Yukon, Canada. This 5600-km2 wetland complex is the traditional territory of the Vuntut 
Gwitchin First Nations (VGFN) who mostly reside in the town of Old Crow 45 km south 
of central OCF. OCF is recognized by the Ramsar Convention as a wetland of 
international importance (1982) and is a crucial habitat for local wildlife, while also 
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providing resources for the local community. OCF occupies the former basin of glacial 
lake Old Crow, which was a periglacial feature west of the Laurentide Ice Sheet (LIS) 
during the early Wisconsinan (Zazula et al., 2004). The area drained leaving behind silt 
and clay rich sediments as well as prehistoric animal remains (Morlan, 2003).  
Today, OCF is estimated to contain over 8700 thermokarst lakes and ponds (Lantz 
and Turner, 2015) which vary in depth (0.5-6m) and area (1-3700 ha) (Labrecque et al., 
2009). The area also has a dense river network with the Old Crow River and its major 
river tributaries incised in periglacial sediments of former glacial lake Old Crow (Morlan, 
1980; Lauriol et al., 2002). Many lakes have direct connection channels, usually between 
nearby lakes or main river channels, while others are considered closed-basin. The area 
also is estimated to contain little groundwater flow due to the low hydraulic conductivity 
of the continuous permafrost (Hughes, 1972). The main water export path out of the flats 
is the Old Crow River and its major tributaries, which has large meanders and have 
formed many full and drained oxbow lakes as well as previous river channel scars. The 
Old Crow River connects to the Porcupine River north of Old Crow, and continues 
towards Alaska via the Yukon River.  
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Figure 3.1. River and lake sample sites collected across Old Crow Flats over July 2015 and 2016, along 
with a subset taken during May 2016. 
3.3 Methods 
3.3.1 Sample Collection and Analysis 
Water samples collected throughout the OCF drainage system was used to 
identify spatial patterns in carbon export on inter-annual and seasonal scales. Samples 
were collected in 4 L carboys and 1 L high-density polyethylene environmental sample 
bottles during July 2015 and 2016 (24th-25th and 26th-29th, respectively) using a 
helicopter, and a smaller number of samples (15 river and 1 lake) were obtained during 
May 2016 (26th-27th) when water levels were high enough to access sites by boat. All 
collection containers were thoroughly rinsed three times with river/lake water at each site 
before collecting the water sample.  River sites were collected along ~350 km of the Old 
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Crow River and its major tributaries (Figure 3.1). Locations were selected for the purpose 
of tracking downstream transitions in carbon and are reflected in the river site naming 
acronyms. River site numbers represent their order upstream (e.g. river numbering is 
from highest upriver to lowest downriver: e.g. OCR7 – OCR1). Water was also sampled 
at 13 lake sites, which have been monitored in collaboration with Parks Canada since 
2007 (Tondu et al., 2013).  
Water samples were stored in a fridge at 4oC and pre-processed in Old Crow prior 
to being sent to the laboratory for processing. Samples were processed for a suite of water 
chemistry parameters including total nitrogen (TN), total phosphorus (TP), pH, turbidity 
(Turb), conductivity, alkalinity (Alk) and total gran alkalinity were only pre-screened 
through a 200 µm mesh to remove any large particles. Major ions (Mg, Na, SO4, SiO2, K, 
Ca, Cl), nitrates (NO2
- + NO3
-), total dissolved phosphorus (TDP), total dissolved 
nitrogen (TDN), dissolved inorganic and organic carbon (DIC/DOC) were pre-screened 
through a 200 µm mesh and filtered through 0.45 µm acetate filters. Sample analysis was 
completed at the Biogeochemical Analytical Service Laboratory (BASL) located at the 
University of Alberta.  
Samples were also pre-processed for δ13C DIC and DIC by filtering through a 200 
µm mesh and through 0.45 µm acetate filters. The samples were sent to the G.G. Hatch 
Stable Isotope Laboratory at the University of Ottawa for processing using standard 
methods (St-Jean, 2003; OI Analytical, 2005). The samples were run on an Aurora Model 
1030W TOC Analyser and interfaced to an isotope ratio mass spectrometer. Isotope 
concentrations are expressed as δ values, which represent per mil (‰) relative to the 
Vienna Pee Dee Belemnite (VPDB) standard, with a precision of ±0.40‰.  
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Correlations among water chemistry parameters were analyzed using a Principal 
Component Analysis (PCA). A PCA reduces the dimensionality of the data while 
retaining as much of the variation as possible. The first few principal components retain 
the highest amount of variation and are used to replot the data. The PCA was created 
using the vegan library (version 2.4-3; Oksanen et al., 2017) in Rstudio and running an 
unconstrained Redundancy Analysis (RDA). The resulting principal component axes are 
validated with the use of a scree plot, which displays the variance of each principal 
component. The broken stick methodology is used, which represents a random (null) 
model and calculates a set of expected values; principal components that fall above the 
null model are retained (Appendix A). 
3.3.2 Retrogressive Thaw Slump 
During the 2016 summer season, an active retrogressive thaw slump exported a 
large amount of surficial debris into the Old Crow River between May 26th and July 26th. 
The slump was not observed during the May boat trip, but locals saw the exported 
sediment blocking the majority of the Old Crow River within this time frame prior to our 
July sampling. The volume of material ejected during the initial slump (~29,000 m3) was 
calculated ~1 month after initiation of the retrogressive thaw slump using an unmanned 
aerial vehicle (UAV) survey (144 UAV images). The images were orthorectified using 
handheld GPS coordinates collected in the field, georeferenced and modeled to calculate 
the estimated volume using Pix4D software (Figure 3.2). Direct runoff from the 
retrogressive thaw slump was also sampled and analyzed for a suite of water chemistry 
parameters including Dissolved Inorganic and Organic Carbon (DIC/DOC) 
concentrations and isotope signatures (δ13C).  
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Figure 3.2. Retrogressive thaw slump digitally modeled using Pix4D software (left) and an image taken 
from a helicopter which shows the extent of debris exported into the Old Crow River (right). Photos by: Dr. 
Kevin Turner 
3.4 Results 
3.4.1 Spatial variability in carbon  
DIC and DOC concentrations (ppm) show an inverse relationship moving 
downstream along the Old Crow River during July 2015 and 2016 (Figure 3.3 and 3.4). 
DIC concentrations are highest at headwater sites (OCR7, TC, BF2; >30ppm), and 
decrease downriver. The larger southern tributaries (JC and SC) had the lowest DIC 
concentrations (<8ppm). DOC concentrations are lowest at headwater sites (<8ppm) and 
increase downriver. The southern tributaries had the highest DOC concentrations 
(>10ppm). DIC mean concentrations were greater during July 2015 than 2016 (20.0ppm 
compared to 16.2ppm), whereas mean DOC concentrations were greater in 2016 (9.8ppm 
compared to 11.6ppm), which could be linked to annual and inter-annual variability in 
precipitation and temperature altering lake-to-river connections and runoff. 
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Figure 3.3. Dissolved inorganic and organic concentrations (ppm) and movement throughout OCF and the 
major river networks during July 2015. 
64 
 
 
Figure 3.4. Dissolved inorganic and organic concentrations (ppm) and movement throughout OCF and the 
major river networks during July 2016.  
Carbon 13 isotopic signatures (δ13C) from July 2015 (Figure 3.5) between DIC 
and DOC are similar. The Old Crow River appears to have the highest isotopic signature 
(>-9‰, >-25‰; for DIC and DOC, respectively), which could be from increased lake 
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water, and riverbank erosion. DIC increases from headwater sampling sites downriver, 
whereas DOC is generally decreasing. The southern tributaries (JC, SC) have the lowest 
signatures for both DIC and DOC (<-12‰, <-27‰; respectively), which decrease the 
isotope signature along the southern reach of the Old Crow River downstream from their 
confluences. DIC samples from July 2016 (Figure 3.6) display a similar spatial pattern as 
2015 with increasing values downstream. The isotope signature for DOC shows the 
opposite pattern during 2015 with downstream increases in δ13C DOC. 
Changes in temperature and precipitation could also impact the carbon mobility 
and export across OCF. Increases in precipitation from 2015 to 2016 as well as 
temperature changes (mainly during the winter) could alter DIC and DOC availability 
and mobility across the two sample years (Figure 2.3, 2.4). Also, the addition of debris 
from the active retrogressive thaw slump along the Old Crow River could impact DIC 
and DOC concentrations and isotopic signatures. Analyzing these results along the Old 
Crow River and its major tributaries, with respect to downriver change could also 
highlight the impact of the retrogressive thaw slump on lateral carbon export.   
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Figure 3.5. Dissolved inorganic and organic isotope signatures (δ13C) and movement throughout OCF and 
the major river networks during July 2015. 
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Figure 3.6. Dissolved inorganic and organic isotope signatures (δ13C) and movement throughout OCF and 
the major river networks during July 2016. 
 Lake water carbon concentrations and isotope signatures over July 2015 and 2016 
(Table 3.1) are highly variable across OCF. River and creek carbon concentrations cannot 
be used to clearly identify lake water contributions given the high variability of 
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concentrations among lakes. Collecting a greater number of samples and confining those 
to within each river catchment would result in a more localized indication of lake carbon 
concentrations and possible impact on the river system.   
Table 3.1. Carbon results from 12 lakes sampled during July 2015 and 14 lakes during July 2016 across 
OCF. Data displays variability in lake carbon concentrations and isotope signatures. The average lake 
concentrations and signatures have been used to identify possible impact on river carbon.   
 DOC (ppm) δ13C DOC DIC (ppm) δ13C DIC 
Lakes 2015     
Average 14.1 -26.1 14.6 -10.2 
St. Dev 5.2 1.5 12.7 6.9 
Max 21.0 -23.5 50.0 0.7 
Min 3.9 -28.4 2.7 -20.5 
Lakes 2016     
Average 14.7 -25.7 10.3 -8.0 
St. Dev 4.8 1.9 6.1 4.6 
Max 21.6 -22.1 23.9 1.0 
Min 7.9 -28.3 1.8 -17.4 
3.4.2 Impact of a retrogressive thaw slump on river water carbon 
A new retrogressive thaw slump initially exported a large volume (~29,000 m3) of 
debris into the Old Crow River between May 26th and July 26th 2016. Results from the 
DIC and DOC concentrations (ppm) and isotope signatures (δ13C) were plotted to 
highlight the impact of the retrogressive thaw slump on carbon export and mobility as 
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well as identify seasonal and inter-annual variability in carbon export across OCF from 
other sources. Each major tributary has a single or multiple sample points which connect 
to the Old Crow River indicating their influence on the overall river water carbon 
balance.   
Samples processed for DOC concentrations during July 2015 and 2016 show 
similar spatial patterns across all major tributaries (Figure 3.7). The two years both show 
the Old Crow River DOC concentration increasing downriver with the larger southern 
tributary (JC) having the greatest influence ~75 km north of the Old Crow River mouth. 
KC shows the highest DOC concentrations of 19.4 ppm (July 2015) and 27.3 ppm (July 
2016). Runoff from the active retrogressive thaw slump was sampled during a rainfall 
event in July 2016. The retrogressive thaw slump (SR) had runoff water with the second 
highest DOC concentration across OCF (22.2 ppm), and has an impact on the Old Crow 
River, increasing its DOC concentration slightly in 2016 (10.1 to 12.1 ppm). Once the 
large southern tributaries (JC, SC) connect, JC decreases DOC concentrations in the Old 
Crow River, while SC shows to have little to no impact on the Old Crow River prior to 
leaving OCF.  
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Figure 3.7. Dissolved organic carbon concentrations (ppm) from headwater (left) to where the Old Crow 
River (OCR) exits OCF (right) for July 2015 and 2016. Results show the influence of an active 
retrogressive thaw slump (SR, grey circle) on the main Old Crow River. Rivers with multiple samples are 
shown as lines and rivers with a single sample are shown as circles.  
Samples processed for DIC concentrations during July 2015 and 2016 also show 
similar spatial patterns from both years (Figure 3.8). DIC decreases from the headwater 
(46.6 ppm, 28.7 ppm; 2015 and 2016 respectively) to where the Old Crow River exits 
OCF (0 km; 20.3 ppm, 18.0 ppm for 2015 and 2016 respectively) and displays a 
noticeable drop in concentration where the southern tributary connects (JC; ~75 km) 
(Figure 3.8). The retrogressive thaw slump runoff sample (July 2016) plots just above the 
Old Crow River and contains very similar DIC concentrations to the river, suggesting 
little influence on the overall decreasing Old Crow River concentration. This indicates 
that water sampled from the thaw slump runoff had very similar DIC concentrations as 
the river water and, hence, had little influence on it. DIC concentrations exported to this 
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point in the OCF basin is likely dominated by erosional processes. Lake water outflow 
evidently had a greater influence on the DIC concentrations during 2015.    
 
Figure 3.8. Dissolved inorganic carbon concentrations (ppm) from headwater (left) to where the Old Crow 
River (OCR) exits OCF (right) for July 2015 and 2016. Results show the influence of an active 
retrogressive thaw slump (SR, grey circle) on the main Old Crow River. Rivers with multiple samples are 
shown as lines and rivers with a single sample are shown as circles. 
Results for the δ13C DOC show the largest inter-annual variability from 2015 to 
2016 (Figure 3.9). There is a decrease in concentration through the Old Crow River 
during 2015 where JC and SC have the largest influence on the isotope signature, 
whereas 2016 has increasing concentrations downriver. The resulting difference is likely 
due to the addition of the retrogressive thaw slump (-25.3‰) which connects to the Old 
Crow River where the largest jump in isotope signature can bee seen (~80 km; July 
2016). Downstream from that point, the Old Crow River begins to decrease again from 
the input of the southern tributaries, which dilute the δ13C DOC signature. The Old Crow 
River headwater sites (OCR7; ~ 350 km) also vary from 2015 to 2016 (-23.9, -27.8 
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respectively), however, this variability is still unknown and highlights that future research 
should include headwater landscape conditions for understanding source water 
variability.    
 
Figure 3.9. Dissolved organic carbon isotope signatures (δ13C) from headwater (left) to where the Old 
Crow River (OCR) exits OCF (right) for July 2015 and 2016. Results show the influence of an active 
retrogressive thaw slump (SR, grey circle) on the main Old Crow River. Rivers with multiple samples are 
shown as lines and rivers with a single sample are shown as circles. 
Results of δ13C DIC from water samples collected in 2015 and 2016 show the 
least inter-annual variability with little change in δ13C DIC concentration along the Old 
Crow River from the headwaters to where Old Crow River exits OCF (Figure 3.10). In 
2015, the samples with the lowest δ13C DIC values are the tributary headwaters (PC, JC4, 
SC4, BF2), which seem to have little impact on the Old Crow River. There is a slight 
decrease in 2015 where JC connects, but overall the isotope signature remains stable. In 
2016, the retrogressive thaw slump has the highest signature (-6.9‰), but seems to show 
no effect on the δ13C DIC signature of the Old Crow River. The lowest signature during 
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July 2016 is KC at -13.4‰, but this tributary also appears to show little impact on the 
Old Crow River. The headwater samples have slightly higher isotope signatures during 
2016, which could be due to increased precipitation and runoff diluting the results. 
 
Figure 3.10. Dissolved inorganic carbon isotope signatures (δ13C) from headwater (left) to where the Old 
Crow River (OCR) exits OCF (right) for July 2015 and 2016. Results show the influence of an active 
retrogressive thaw slump (SR, grey circle) on the main Old Crow River. Rivers with multiple samples are 
shown as lines and rivers with a single sample are shown as circles. 
 Samples from May 2016 across all carbon signatures show little downriver 
change (Figure 3.11). DOC (ppm) is decreasing from the most northern sample (OCR5.5: 
17.7 ppm) to the end of the Old Crow River (OCR1: 13.8 ppm). The most southern 
tributary (KC) has the greatest concentration (19.4 ppm), but shows what could be a 
slight influence on the Old Crow River. The results for DIC concentrations and δ13C 
DOC both appears not to change downriver, but the southern tributaries (SC, JC, KC) 
plot below the Old Crow River across both variables. Finally, δ13C DIC also has little 
overall downriver change, but does appear to drop due to the connection of JC (-15.1‰), 
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which besides KC (-15.4‰), is the lowest δ13C DIC signature recorded over all three 
sampling periods.
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Figure 3.11. Carbon concentrations (DIC, DOC) and isotope signatures (δ13C DIC and DOC) for May 2016.     
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To highlight the variability of the slump sample runoff as compared to the local 
hydrology, a PCA was run on the water chemistry data collected during July 2016 (Figure 
3.12). The retrogressive thaw slump sample (S1 runoff) plots far along the first and 
second PC axes as compared to all other lake and river sites. Higher concentrations of 
major ions and nutrients within the slump sample are shown by the water chemistry 
eigenvectors towards the bottom right of the PCA and the retrogressive thaw slump 
sample. With increased weathering and erosion from the retrogressive thaw slump, it is 
expected to have higher concentrations of weathering constituents (Mg, Na, K, Cl). On 
this PCA, DIC and DOC concentrations are found opposite one another along PC axis 1.  
The water chemistry of the direct slump sample was found to contain elevated 
concentrations of almost all variables (Figure 3.13). This increase in nutrients and ions 
from the retrogressive thaw slump appear to have little to no impact on the downriver 
water chemistry of the Old Crow River, as compared to changes in water chemistry along 
tributaries such as increases in nutrients (TDN, TN) along SC and increases in both major 
ions (Cl, SO4, Na) and nutrients (TDN, TN) along JC. Opposed to changes in δ13C DIC 
from the retrogressive thaw slump as mentioned above, the Old Crow River water 
chemistry likely changes from other sources such as surrounding landscape runoff, lake 
water input, and its major tributaries.  
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Figure 3.12. Principal component analysis biplot (PCA) which indicates the high level of variance between 
the slump sample (S1 runoff) and the rest of the lake and river sample sites across OCF taken during the 
July 2016 sampling period. The retrogressive thaw slump is highly correlated to a group of the major ions 
(K, Na, Mg and Cl) (Appendix A). 
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Figure 3.13. Water chemistry data from July 2016 with separated nutrients and major ions, as well as split 
across OCF to highlight spatial variability across tributaries. Each plot is split among tributaries and 
section of the hydrology from headwater (left) to downriver samples (right). Y-axis concentrations for all 
plots are in mg/L.   
3.5 Discussion 
Carbon concentrations and isotope signatures across OCF provide insight into the 
spatial variability and major landscape level impacts on carbon export through the 
hydrologic system. Carbon export in 2015 and 2016 was spatially variable between 
creeks and rivers across OCF, however, landscape changes that occur across OCF such as 
retrogressive thaw slumps can have an effect on the water chemistry. Previous research 
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has identified the general drivers of varying river inputs (snowmelt, rain, and lake water) 
and catchment characteristics impacting lake water (Turner et al., 2010, 2014b, 2014a). 
Increasing frequency of landscape level changes such as lake drainage events (Turner et 
al., 2010), and retrogressive thaw slumps (Lantz and Kokelj, 2008) can also impact river 
water chemistry, as well as carbon export and biodegradability (Abbott et al., 2014; 
Spencer et al., 2015). This study expands off previous work in OCF to enhance our 
understanding of carbon export and mobility across this large Arctic headwater basin 
using a suite of water chemistry parameters. Of particular interest was identifying spatial 
variation in DIC and DOC concentrations and isotope signatures across the drainage 
network. As well, how DIC and DOC concentration and isotope signatures were 
influenced by landscape features including thaw slumps and lakes. Landscape changes 
such as retrogressive thaw slumps and lake drainages could also continue to increase in 
frequency across the Arctic and within OCF (Lantz and Kokelj, 2008, Lantz and Turner, 
2015), increasing their impact on the hydrology. The aim is to enhance our understanding 
of how changing climate may continue to impact the local carbon budget and downstream 
conditions.   
Carbon mobility through OCF is seasonally and inter-annually variable over the 
two sample years (July 2015, to May 2016, to July 2016), and highlights our ability to 
distinguish landscape and seasonal impacts on the local hydrologic carbon budget. 
Lateral lake drainage (Mackay, 1988; Hinkel et al., 2007; Marsh et al., 2009) and thaw 
features such as retrogressive thaw slumps can also alter concentrations of solutes and 
nutrients in the local hydrologic systems such as lakes and rivers (Bowden et al., 2008; 
Kokelj et al., 2009). Research presented here provides a baseline understanding of the 
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hydrology, which is expected to change concurrently with continued lake drainages and 
thaw slumps. This research also highlights changes in carbon export within a headwater 
basin which could feed larger Arctic river systems that export into the Arctic Ocean 
(Tank et al., 2012a; 2012b) and enhance our understanding of carbon sourcing through 
the Arctic hydrological system. During July 2015, the OCF headwater samples contain 
the highest concentrations of DIC and the lowest DOC whereas the opposite can be said 
for the southern tributaries. July 2016 DIC/DOC concentrations show very similar 
results, which is likely due to unchanged surrounding landscape catchment characteristics 
which influence the hydrology on an annual scale. DIC is greatest in the northern 
tributaries, where the catchments are dominated by tundra and the rivers are mainly 
runoff fed. DOC is greatest in the southern tributaries, which tend to have more shrub 
coverage and greater lake-to-river connectivity. The Schaeffer Creek segment between 
SC3 and SC2 runs directly through a lake, which in turn increases the DOC concentration 
in 2015 and 2016. These sample concentrations of DOC may also vary based on the level 
of biodegradability that could vary from site to site and sample to sample across OCF and 
could be lost in headwater systems prior to leaving OCF (Vonk et al., 2015; Spencer et 
al., 2015). Erosional features observed across Arctic landscapes such as expansion of 
channel networks (Toniolo et al., 2009), increased river bank erosion (Costard et al., 
2007), and increasing rates of retrogressive thaw slumps (Lantz and Kokelj, 2008) also 
impact the spatial variability in δ13C DIC and δ13C DOC across OCF. Increased riverbank 
erosion along northern tributaries and the main Old Crow River show increased carbon 
isotope signatures during both 2015 and 2016, which was pronounced following initiation 
of a retrogressive thaw slump event. 
81 
 
Retrogressive thaw slumps have been shown to impact local water chemistry 
(Kokelj et al., 2009) and biological productivity (Thienpont et al., 2013) in lakes across 
other ice-rich permafrost environments. The addition of a retrogressive thaw slump along 
the Old Crow River during 2016 appears to have the greatest influence on the DOC 
concentrations and δ13C DIC and δ13C DOC signatures (Figures 3.7-3.10). DOC 
concentrations from the retrogressive thaw slump direct runoff is the second highest (~22 
ppm) and could be increasing the Old Crow River values prior to the confluence of JC 
and SC. This is likely due to organic carbon trapped within the permafrost, which became 
available for mobilization during export of the slump debris. Additionally, the ongoing 
thaw of the cut bank could continue to add organic carbon through groundwater and 
overland flow. There was also a large amount of debris deposited in the river which 
would slowly be eroded and alter the river water chemistry depending on the magnitude 
of flow (Figure 3.2). These features have also been shown to have major impacts on the 
DOC export and biodegradability in Arctic river systems (Abbott et al., 2014), which 
could indicate that large amounts of DOC are being mineralized and released as CO2 
within this headwater river system (Vonk et al., 2015) prior to leave OCF. Isotope 
signatures for DIC are also elevated from the retrogressive thaw slump, but seem to show 
no effect on the Old Crow River. The stability of the isotope signature of DIC could be 
due to efficient dilution of any added material from the thaw slump and a low erosive 
ability of the material in the river. Finally, as mentioned above, the largest inter-annual 
variation was in δ13C DOC (Figure 3.9). The retrogressive thaw slump increases the δ13C 
DOC signature in the Old Crow River, that is likely slump debris slowly being reworked 
along with continual weathering and runoff from the slump scar. The thawing of 
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previously frozen DOC within the permafrost is likely increasing the Old Crow River’s 
isotope signature from -28‰ to -26‰.  
Samples collected during May (2016) highlight carbon export during freshet, where 
water is at its highest due to increased snowmelt and precipitation. DOC concentrations 
are their greatest during this melt period in the headwaters (OCR5 and above), which is 
likely due to increased influx of lake water and runoff. DIC concentrations are lowest 
during this period and remain fairly stable across OCF. This is likely due to the 
continuing low temperatures that minimize permafrost thaw and active layer depth, which 
minimizes chemical weathering and the addition of DIC. The isotope signatures for DOC 
are consistently low, which indicates that spatial landscape variability has little influence 
on the spring melt DOC source whereas we see much greater variability in summer 
samples from July 2015 and 2016. Finally, the isotope signatures for DIC have some of 
the lowest signatures of all samples (JC and KC), but have very little influence on the Old 
Crow River, which is stable downriver. These samples also are during freshet, which 
means they are exporting more water from OCF into the Porcupine River, which is 
carried further into the Yukon River and eventually into the Arctic Ocean. The addition 
of discharge data with further research into carbon mobility and export would increase 
our ability to understand the impact this headwater basin may be having on downriver 
systems.     
Later carbon export along river systems is spatially variable and dependant on 
catchment characteristics, changing climate, and landscape alterations. Thaw features 
such as retrogressive thaw slumps (Kokelj et al., 2009) and active layer detachment slides 
(Lamoureux et al., 2014; Lamhonwah et al., 2017) have been shown to impact local 
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Arctic water chemistry through mobilization of previously frozen sediments. With 
permafrost landscapes thought to hold over 50% of the terrestrial organic carbon 
(Tarnocai et al., 2009; Hugelius et al., 2014), these features could increase the mobility of 
carbon through the hydrology across Arctic permafrost regions (Spencer et al., 2015; 
Schuur et al., 2015). The largest influence on carbon export through OCF seems to be 
lake water that is likely due to greater concentrations of lake-to-river connectivity in 
southern OCF (Chapter 2). The addition of lake water increases DOC along the major 
tributaries and dilutes the DIC once connected to the Old Crow River. The retrogressive 
thaw slump seems to have the largest impact on δ13C DOC signatures and is highly 
correlated to potassium, sodium and magnesium, which is likely related to the weathering 
of previously frozen material. Apart from δ13C DOC, the retrogressive thaw slump does 
not appear to alter downriver water chemistry. This result appears distinct from other 
research where retrogressive thaw slumps appear to impact local lake water chemistry 
(Kokelj et al., 2009), however this slump resides on a large river that likely exports the 
majority of added debris quickly. This minimizes its impact on the local water chemistry 
after the initial event, however, continued slump erosion or reworking of debris left in the 
river channel could continue to impact the water chemistry. With continuing landscape 
changes and possible increases in retrogressive thaw slumps throughout these ice-rich 
permafrost environments (Lantz and Kokelj, 2008) it is important to understand the 
potential influences these features have on the Arctic hydrology, carbon export and 
mobility. This increase could also impact CO2 release through mineralization and the 
local carbon budget of these headwater systems.   
84 
 
3.6 Conclusions 
Arctic aquatic environments have undergone landscape changes such as lake 
drainage events (Lantz and Turner, 2015), expansion of channel networks (Toniolo et al., 
2009), increased riverbank erosion (Costard et al., 2007) and retrogressive thaw slumps 
(Lantz and Kokelj, 2008). These changes have an impact on water chemistry, nutrient and 
sediment loading along with concentrations of trapped organic carbon which could 
become available for mineralization (Schuur et al., 2015). From this research, spatial 
variability in land cover and landscape changes appear to be crucial in understanding 
carbon export through the hydrology across Arctic landscapes. Across OCF, the northern 
headwaters are dominated by runoff and have higher DIC concentrations and isotope 
signatures, whereas the southern tributaries contain higher DOC concentrations because 
of increased lake-to-river connectivity and surrounding shrub cover. Sampling of an 
active retrogressive thaw slump highlights the influence of landscape alterations by 
having the greatest influence on the δ13C DOC along the Old Crow River, that is likely 
organic carbon that was previously frozen within the permafrost and became mobilized 
within the hydrology. Collecting a larger set of lake δ13C DOC signatures and continued 
monitoring along the Old Crow River would enhance our understanding of separation 
between lake versus slump δ13C DOC signatures. Changes in δ13C DOC along the Old 
Crow River could be used to identify upstream climate induced landscape changes such 
as increases in retrogressive thaws slumps or lake drainage events.  
Studying the local Arctic carbon budget requires an understanding of multiple 
landscape factors, such as organic and inorganic carbon storage in permafrost soils and its 
susceptibility to mineralization, as well as CO2 sequestration through weathering 
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constituents (Tank et al., 2012a, 2012b; Abbott et al., 2014). This study highlights that 
across OCF the overall DOC export seems to be dominated by lake-to-river connections 
and surrounding shrub cover in the south, that has been shown by the southern tributaries 
having greater lake-to-river connectivity and nutrient load (Chapter 2). However, with 
increases in landscape disturbances, especially the frequency of retrogressive thaw 
slumps, previously trapped carbon could become available for export and increase the 
level of mineralization within the headwater basin or downriver and into the Arctic Ocean 
(Abbott et al., 2014; Schuur et al., 2015; Spencer et al., 2015). Also, continued increases 
in catastrophic lake drainages (Lantz and Turner, 2015) could continue to or increase the 
export of carbon into the river network and out of OCF. Ongoing research into possible 
CO2 sequestration through carbonate and silicate weathering (Lerman et al., 2007), 
sulfide oxidation (Tank et al., 2016), and the susceptibility of permafrost derived DOC to 
mineralization (Abbott et al., 2014; Schuur et al., 2015; Spencer et al., 2015) will build a 
more complete carbon balance model and enhance our understanding of the OCF 
headwater carbon cycle.  
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Chapter 4:  
Concluding Remarks 
4.1  Thesis Conclusions 
It has been suggested that Arctic permafrost regions have been undergoing 
increased rates of landscape change due to climate alterations, but there is still a need to 
understand the drivers of change in the hydrology and influences on downriver basins. 
Previous research conducted on thermokarst lake hydrology focused on lake 
characteristics and lake area fluctuations (Smith et al., 2005; Riordan et al., 2006; Turner 
et al., 2010, 2014b, 2014a; Lantz and Turner, 2015) and identified variability in lake area 
reduction (Smith et al., 2005; Jones et al., 2011) together with spatial differences in lake 
water sourcing across thermokarst landscapes (Turner et al., 2010). Lake water sourcing 
is heavily influenced by surrounding catchment characteristics (Turner et al., 2014b) and 
with lake-to-river flow and increasing lake drainage events, can also impact river water 
(Turner et al., 2014a). This research expands our understanding of landscape influence on 
the hydrology across the OCF using a suite of water chemistry parameters and their 
influence on downriver systems. It also advances our understanding on how this 
hydrological system is responding to landscape conditions and creates a baseline for 
future research to detect subsequent changes. 
Landscape disturbances also have ecological and geomorphological impacts that 
affect the overall river water chemistry, nutrient supply and sediment loading. Arctic 
landscapes have seen increases in erosional disturbances such as channel network 
expansion (Toniolo et al., 2009), riverbank erosion (Costard et al., 2007), retrogressive 
thaw slumps (Lantz and Kokelj, 2008) and active layer detachment slides (Lafrenière et 
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al., 2017; Lamhonwah et al., 2017). Retrogressive thaw slumps can lead to the export of 
organic and mineral soils which have previously been frozen in the permafrost, impacting 
the local hydrology for potentially several decades (Kokelj et al., 2009; Kokelj and 
Jorgenson, 2013). Permafrost can also contain trapped organic carbon that could enter the 
local hydrology with increase thaw and affect the permafrost-carbon-feedback (Schuur et 
al., 2015). Studying the spatial variability in carbon sourcing and export can help 
understand changes in ecosystem dynamics from changes in landscape and climate.  
To address these gaps, this research was conducted to: 
1. Characterize lake-to-river connectivity across OCF using water isotope tracers. 
2. Use a suite of water chemistry and isotope parameters to identify spatial variation 
in the influence of lake water export on river hydrology, including characterizing 
carbon export through DIC/DOC concentrations and δ13C signatures.  
3. Study the influence of a retrogressive thaw slump on the Old Crow River carbon 
balance.  
The initial approach was to use water isotope tracers to identify lake-to-river 
connections across OCF over all sample periods and acquire a more complete 
understanding of seasonal and inter-annual variability. It was found that during the 
summer season (July 2015 and 2016), lake-to-river connections were much greater in the 
southern tributaries as compared to the north with higher isotope signatures from 
headwater catchments to downriver in the larger southern tributaries (SC, JC). The water 
chemistry also coincided with isotope signatures, where the southern tributaries plotted 
closer to the nutrients along with most lake samples, whereas the northern tributaries 
plotted closer to the major ions. The southern tributaries appear to have increased lake-to-
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river connections and greater influence from the surrounding shrub cover, whereas the 
northern tributaries mainly show increased concentrations of major ions via direct runoff 
and erosional processes. 
The carbon concentrations and isotope signatures show a greater influence from lake 
water input than other landscape features, such as retrogressive thaw slumps. DOC (ppm) 
was much higher in the southern tributaries likely due to lake productivity and lake 
infiltration, whereas DIC (ppm) had higher concentrations in the northern tributaries and 
is likely dominated by landscape runoff and riverbank erosion. Isotope signatures for DIC 
and DOC (δ13C) are the greatest in the northern tributaries and the main Old Crow River, 
which are runoff fed, likely due to consistent riverbank erosion and mainly tundra 
vegetation. The larger southern tributaries have the lowest signatures for both DIC and 
DOC likely due to increased lake-to-river connections, abundance of shrub cover 
influencing δ13C DOC, and less riverbank erosion altering δ13C DIC. The retrogressive 
thaw slump runoff sampled during July 2016 did display higher concentrations of DOC 
(ppm) and increased isotope signatures of DIC and DOC, but seems to be overpowered in 
the hydrology by lake water infiltration and diluted within the Old Crow River. 
Continuing permafrost thaw and increasing retrogressive thaw slump events occurring 
along major river networks (Lantz and Kokelj, 2008) require continued research into their 
impact on the hydrology and carbon export. These landscape changes are also vial for 
understanding future implications on the local and global carbon budget.  
4.2 Limitations 
Throughout this research there have been a few limitations that need to be 
addressed. Lack of a meteorological station within the OCF means that weather data 
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collected is from Old Crow, located ~25km south of OCF. Precipitation events, which 
could differ between Old Crow and the OCF could play a role in influencing changes in 
water chemistry and isotope signatures. Spatial differences in temperature can also play a 
role on landscape changes such as retrogressive thaw slumps, and lake or river water 
evaporation.  
Another limitation is that this landscape is so large in area and contains such a 
dense river and lake network, so it is impossible at this stage to visually identify all of the 
hydrologic connections across OCF. Lake-to-river connections via overland flow can 
exist as small channels that are difficult to identify, and depending on active layer 
thickness, groundwater flow can also be a contributor throughout OCF. This study 
focused on the main river tributaries as a general indicator of spatial variability across 
OCF, which are more easily available to sample. Continued research into active layer 
thickness and talik formation across OCF could aid in our understanding of groundwater 
flow and possible permafrost thaw in the region. As well, higher resolution imagery 
across OCF could allow for identification of smaller lake-to-river connections as well as 
more landscape change events.     
4.2.1 Chlorophyll a  
Chlorophyll a (Chl a) concentrations were analyzed from all sampling periods as 
a possible indicator of lake water influx (Figure 4.1). It was hypothesized that the 
stability of lake water would allow for increased productivity, and would show greater 
Chl a concentrations along rivers with increased lake-to-river connections. However, the 
data displayed very low concentrations from both lakes and rivers across OCF with little 
variability. The low concentrations across both lakes and rivers likely indicate an issue 
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with the processing methods (as per Strickland and Parsons, 1972) from filters with such 
low concentrations (Stich and Brinker, 2005). Future processing should follow Stich and 
Brinker (2005) by testing HPLC, fluorometry and spectrometry, as well as whether 
acidification increases or decreases the accuracy of the Chl a results. 
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Figure 4.1. Chlorophyll a concentrations (µg/L) from lake and river samples taken from July 2015, May 2016 and July 2016. Results show spatial 
variability across OCF as well as seasonal and annual variability. Lakes are plotted as blue points, rivers with only one sample are plotted as points 
and labeled, and rivers with multiple samples are plotted as lines indicating downriver change.
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4.3     Further Research 
Continuing lake and river sampling could be coupled with these results to identify 
further landscape changes through the hydrology. Identifying shifts in isotope signatures, 
water chemistry parameters, or carbon concentrations could identify increases in lake-to-
river connections or lake drainage events, along with increases in erosional features such 
as retrogressive thaw slumps along the river network. This could also lead to a 
monitoring protocol that requires fewer water samples from southern OCF and be an 
indicator of large scale landscape change upriver.  
Permafrost degradation across OCF is also a major factor in landscape changes and 
inputs of terrestrial material into the surrounding hydrology. Gaining a better 
understanding of active layer thickness and its variability over seasonal and annual 
timescales is important in following Arctic landscape fluctuations. As well, studying the 
sediment bulk carbon concentrations at different depths in soils across OCF would 
identify areas of greater organic carbon. This would also lead to a better understanding of 
the influx of DOC through the hydrology of OCF and its influence on down-river basins. 
Grouping that with inorganic carbon concentrations in the sediments would form a more 
complete understanding of the source of weathering constituents and the balance between 
the export and sequestration of CO2
 across OCF. The addition of discharge data through 
the year would also enhance our ability to estimate the possible export of carbon to 
downriver basins.  
This research provides a baseline understanding of spatial variability in landscape 
impacts on the hydrology in OCF. Coupling these results with landcover data would 
provide an indication towards the specific landcover influencing the water chemistry. 
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Landcover data would also be useful for tracking landscape changes such as lake 
drainages and coupling those changes directly with water chemistry and isotope 
signatures.     
Finally, water isotope tracers, nutrients, ions, carbon concentrations and isotope 
signatures can be used to create a mixing model which could allow for expansion of this 
methodology across other lake-rich permafrost regions and provide a comparable result 
for inter-annual and seasonal data. Isotope signatures would include end member values 
for evaporated water (representing lake water infiltration), snowmelt, and rainwater to 
separate and identify source water. Water chemistry values can be used to interpret 
landcover impacts on the hydrology and identify spatial variability in landcover across 
OCF. This model would create a single number that would encompass the suite of water 
chemistry parameters and highlight likely factors that impact the hydrology and 
landscape changes over time.  
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Appendix A  
The broken stick (bâton brisé) distribution is a calculation of expected values as displayed 
by equation 1 from (Frontier, 1976): 
𝐸(𝑝𝑖𝑒𝑐𝑒𝑗) =  
1
𝑝
∑
1
𝑥
𝑝
𝑥=𝑗
 
The expected values are based on a stick of unit length which can be broken at random 
into pieces (p) using a uniform random number generator (Legendre and Legendre, 
1998). Principal components which fall above the broken stick distribution are considered 
statistically significant and are retained.  
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